1. Introduction {#sec1-ijms-20-00350}
===============

An impaired genomic maintenance machinery and increased mutation rates confer a selective advantage to cancer cells resulting in their outgrowth \[[@B1-ijms-20-00350]\]. The t(8;21)(q22;q22) translocation, first described in 1973 \[[@B2-ijms-20-00350]\], is one of the most common chromosomal aberrations in acute myeloid leukemia (AML) \[[@B3-ijms-20-00350]\]. Albeit described in a broad range of leukemia \[[@B4-ijms-20-00350],[@B5-ijms-20-00350]\], the abnormality is predominantly found in the M2 subtype of AML according to the French-American-British classification with blasts displaying signs of neutrophilic differentiation \[[@B6-ijms-20-00350]\]. The translocation between chromosomes 8 and 21 fuses Runt-related transcription factor (RUNX) (RUNX1) with Eight-Twenty-One (ETO) and generates the RUNX1-ETO oncoprotein. RUNX1, belongs to the RUNX family of genes, mammalian homolog of Drosophila runt \[[@B7-ijms-20-00350],[@B8-ijms-20-00350]\], and is an essential hematopoietic transcription factor which constitutes the DNA-binding subunit of the heterodimeric core-binding factor (CBF) complex. RUNX1 associates to the non-DNA-binding factor CBFβ; chromosomal translocations and inversions on either of the two transcription factors represent the so-called CBF-AMLs.

For the induction of leukemia, RUNX1-ETO expression requires additional secondary genetic alterations \[[@B9-ijms-20-00350],[@B10-ijms-20-00350]\]. Here, we review and discuss the mechanisms how the fusion protein can perturb the epigenome to induce a leukemic state.

2. RUNX1 Transcription Factor {#sec2-ijms-20-00350}
=============================

2.1. RUNX1 and Hematopoiesis {#sec2dot1-ijms-20-00350}
----------------------------

RUNX1, also known as Acute Myeloid Leukemia 1 (AML1), Core-Binding Factor-alpha-2 (CBFa2), and Polyoma Enhancer-Binding Protein-2alphaB (PEBP2aB), is a key transcription factor in hematopoietic development, and was first identified in 1991 \[[@B11-ijms-20-00350]\]. Studies on mouse embryology found that RUNX1 is expressed in progenitors of primitive hematopoietic cells \[[@B12-ijms-20-00350],[@B13-ijms-20-00350]\] which emerge from the yolk sac shortly after gastrulation \[[@B14-ijms-20-00350],[@B15-ijms-20-00350]\] and marks the maturation of pre-hematopoietic stem cells (pre-HSCs) \[[@B16-ijms-20-00350],[@B17-ijms-20-00350]\]. RUNX1 is expressed in all sites of blood formation and is required in definitive hematopoiesis, the continuous production of mature blood cells during the entire adult life span \[[@B18-ijms-20-00350],[@B19-ijms-20-00350]\]. Generation of RUNX1 homozygous and heterozygous knockout mouse models played a key role in determining its function in hematopoiesis. Removal of RUNX1 in homozygous knockout mice showed fetal death at E12.5 because of hemorrhaging along the central nervous system and the lack of definitive hematopoiesis \[[@B20-ijms-20-00350],[@B21-ijms-20-00350],[@B22-ijms-20-00350]\]. Although RUNX1 heterozygous mice survive into adulthood with minor hematological defects \[[@B21-ijms-20-00350],[@B23-ijms-20-00350]\], definitive hematopoiesis is perturbed in a spatial and temporal manner \[[@B24-ijms-20-00350],[@B25-ijms-20-00350]\]. Importantly, RUNX1 alone is insufficient for hematopoiesis and cooperates with additional lineage-specifying transcription factors such as members of the ETS \[[@B26-ijms-20-00350],[@B27-ijms-20-00350]\] and GATA \[[@B28-ijms-20-00350]\] family. Thus, RUNX1 is crucial for the maturation of a wide range of hematopoietic cells including, but not limited to, myeloid blood cells \[[@B29-ijms-20-00350],[@B30-ijms-20-00350]\], B-cells \[[@B31-ijms-20-00350],[@B32-ijms-20-00350]\], and T-cells \[[@B33-ijms-20-00350],[@B34-ijms-20-00350]\].

Altered function of RUNX1 by intragenic mutations or chromosomal rearrangements in myeloid neoplasms provides evidence of the pivotal role of this transcription factor in hematopoiesis. Over 50 translocations affecting RUNX1 are reported for leukemia which result in fusion proteins involved in a broad spectrum of malignant diseases \[[@B35-ijms-20-00350]\]; Most recurrent examples include RUNX1-ETO, RUNX1-EVI1, and ETV6-RUNX1, respectively the products of t(8;21)(q22;q22), t(3;21)(q26.2;q22), and t(12;21)(p13;q22) translocations. Also, around 60 different mutations in RUNX1 were reported, mostly frameshift mutations as a product of insertions and deletions in the coding sequence \[[@B36-ijms-20-00350]\]. A striking feature of RUNX1 alterations is the mutual exclusivity of RUNX1 sequence mutation and chromosomal aberrations in leukemia \[[@B37-ijms-20-00350]\] which we will discuss later.

2.2. RUNX1 Structure {#sec2dot2-ijms-20-00350}
--------------------

At the transcriptional level, three major isoforms of RUNX1 are transcribed, RUNX1a, RUNX1b, and RUNX1c, and are the product of two promoters and alternative splicing ([Figure 1](#ijms-20-00350-f001){ref-type="fig"}A). RUNX1a and RUNX1b, respectively responsible of generating 250 and 453 amino-acid-long proteins, are transcribed from a proximal promoter P2. RUNX1c, on the other hand, comes from a distal promoter P1 and translates into a protein of 480 amino-acids ([Figure 1](#ijms-20-00350-f001){ref-type="fig"}B). Splicing variants of RUNX1 are strictly regulated in hematopoiesis as all three isoforms are expressed in a temporal and tissue-specific manner.

RUNX1a, enriched in the immature fraction of cord blood cells \[[@B38-ijms-20-00350]\], promotes hematopoietic differentiation of human pluripotent stem cells \[[@B39-ijms-20-00350]\]. RUNX1a and RUNX1b are shown to be present consistently throughout hematopoietic differentiation \[[@B40-ijms-20-00350],[@B41-ijms-20-00350]\]. RUNX1c is involved in definitive hematopoiesis in a human embryonic stem cell in vitro model \[[@B40-ijms-20-00350]\]. Interestingly, recent work in mice suggested an important balance between RUNX1b and RUNX1c for megakaryocyte and erythrocyte differentiation \[[@B42-ijms-20-00350]\].

Noteworthy, RUNX1a lacks the transactivation domain (TAD) in the C-terminal region of the protein structure. The TAD contains the activating and inhibitory domains as well as the evolutionarily conserved VWRPY penta-peptide motif that interacts with mammalian homolog of Groucho, or transducin-like enhancer of split (TLE1) \[[@B43-ijms-20-00350]\], a DNA-binding corepressor family of genes involved in hematopoietic differentiation. However, both TAD and VWRPY domains are present in RUNX1b and RUNX1c. More importantly, all three RUNX isoforms share the same 128 amino-acid Runt homology domain (RHD) at the N-terminal region which mediates binding to the TGt/cGGT consensus sequence \[[@B44-ijms-20-00350]\] and the interaction with its heterodimerization partner core-binding factor beta (CBFβ).

2.3. RUNX1 and the CBFβ Complex {#sec2dot3-ijms-20-00350}
-------------------------------

The RUNX family of genes (RUNX1, RUNX2, and RUNX3) shares a non-DNA-binding partner core-binding factor beta (CBFβ), ubiquitously expressed and encoded by a single gene in mammals \[[@B45-ijms-20-00350],[@B46-ijms-20-00350]\]. CBFβ increases the RUNX DNA-binding affinity and complex stabilization. Despite that RUNX1 can bind DNA as a monomer in vitro, heterodimerization with the non-DNA binding subunit CBFβ triggers flexible DNA-recognition loops, thus stabilizing the complex and increasing RUNX1 binding to DNA \[[@B47-ijms-20-00350],[@B48-ijms-20-00350],[@B49-ijms-20-00350]\]. Cooperation between RUNX1 with CBFβ regulates ubiquitin-mediated degradation of RUNX1 \[[@B50-ijms-20-00350]\] and enhances RUNX1 phosphorylation/acetylation responsible for a decreased interaction with transcriptional repressors \[[@B51-ijms-20-00350]\]. Post-transcriptional regulation of both partners increases the ability of RUNX1 to activate transcription. The RUNX1--CBFβ complex interacts with PU.1, C/EBPα, p300, mSin3a, GATA1, and Fli1 \[[@B52-ijms-20-00350],[@B53-ijms-20-00350],[@B54-ijms-20-00350],[@B55-ijms-20-00350],[@B56-ijms-20-00350]\] and is able to regulate essential classes of proteins such as growth factors (GM-CSF, MPO and IL-3), surface receptors (TCRA, TCRB, M-CSF receptor and FLT3), signaling molecules (CDKN1A), proliferation and survival regulators (BLK and BCL2), and transcription activators (STAT3 and MYB) \[[@B57-ijms-20-00350],[@B58-ijms-20-00350]\]. Chromosomal translocations and inversions that target the transcription factors RUNX1 and CBFβ constitute the group of core-binding factor acute myeloid leukemias, CBF-AMLs.

3. RUNX1-ETO Fusion Protein {#sec3-ijms-20-00350}
===========================

3.1. t(8;21) AML {#sec3dot1-ijms-20-00350}
----------------

Molecular cloning of the translocation breakpoints identified the RUNX1-ETO protein (also known as AML1-ETO, RUNX1-MTG8, and RUNX1-RUNX1T1), a product of the rearrangement of RUNX1 on chromosome 21 with ETO on chromosome 8 \[[@B11-ijms-20-00350],[@B59-ijms-20-00350]\]. The t(8;21)(q22;q22) translocation is the third most common genetic alteration and the most common chromosomal aberration in de novo AML \[[@B3-ijms-20-00350]\] and is found at a frequency of 7% in adults \[[@B3-ijms-20-00350]\] and 12% in pediatric patients \[[@B60-ijms-20-00350]\]. De novo t(8;21) AMLs have a relatively favorable prognosis with a high complete remission rate and long disease-free survival \[[@B61-ijms-20-00350],[@B62-ijms-20-00350]\]. After treatment for hematological malignancies and solid tumors, secondary AML with t(8;21) translocations can occur which represents 10--20% of all t(8;21) AML cases \[[@B63-ijms-20-00350],[@B64-ijms-20-00350]\].

3.2. RUNX1-ETO Structure and Repressive Activity {#sec3dot2-ijms-20-00350}
------------------------------------------------

ETO, also known as RUNX1 Translocation partner 1 (RUNX1T1) and Myeloid Transforming Gene on chromosome 8 (MTG8), contains a total of 14 exons including two alternative splicing variants, ETO9a and ETO11a \[[@B65-ijms-20-00350],[@B66-ijms-20-00350]\], and four conserved domains termed nervy homology regions (NHRs) numbered 1 to 4 \[[@B67-ijms-20-00350]\]. At the moment of its discovery, ETO was shown to lack DNA-binding ability \[[@B68-ijms-20-00350]\] but to harbor transcriptional repression domains \[[@B69-ijms-20-00350]\]. The four evolutionarily conserved nervy homology domains (NHR1-4) mediate ETO's ability to interact with other proteins, mostly repressors \[[@B69-ijms-20-00350],[@B70-ijms-20-00350],[@B71-ijms-20-00350]\]. All four NHRs interact with a wide range of regulatory proteins. The NHR1 region, sharing a homologous domain to TATA binding protein-associated factors (TAFs) \[[@B72-ijms-20-00350]\], interacts with activation domain 1 (AE1) of E proteins like HEB and E2a. The interaction leads to an E protein-mediated transcriptional inhibition through displacement of P300/ CREB-binding protein (CBP) coactivators \[[@B73-ijms-20-00350],[@B74-ijms-20-00350]\]. Most of RUNX1-ETO biochemical properties in leukemogenesis revolve around NHR2. NHR2-mediated oligomerization with corepressors like the nuclear co-repressor protein/silencing mediator of retinoic acid and thyroid hormone receptor (N-CoR/SMRT), mSin3a, and histone deacetylases (HDACs) \[[@B69-ijms-20-00350],[@B75-ijms-20-00350],[@B76-ijms-20-00350]\]. NHR3 contains a coiled-coil structure which could help recruit transcriptional factors and NHR4 has two zinc-finger domains shown to recruit N-CoR/SMRT/HDAC transcriptional repressors \[[@B77-ijms-20-00350]\]. Finally, between NHR1 and NHR2, ETO possesses a nuclear localization signal (NLS) \[[@B78-ijms-20-00350],[@B79-ijms-20-00350]\]. The chromosomal breakpoints to generate RUNX1-ETO occur in intron 5 of the RUNX1 locus and in intron 1 of the ETO locus \[[@B80-ijms-20-00350],[@B81-ijms-20-00350]\] ([Figure 2](#ijms-20-00350-f002){ref-type="fig"}A). Although the exact origin and mechanism that drive the t(8;21) translocation remain unclear, Wnt/βcatenin signaling has been suggested to promote genomic proximity between RUNX1 and ETO genes \[[@B82-ijms-20-00350]\]. With a total of 752 amino-acids, RUNX1-ETO is constituted of the N-terminal end of RUNX1 (177 amino-acids) containing the RHD \[[@B59-ijms-20-00350]\], and almost the complete ETO frame (575 amino-acids) ([Figure 2](#ijms-20-00350-f002){ref-type="fig"}B).

After t(8;21) translocation, RUNX1 is fused to ETO which generates the full-length RUNX1-ETO contains RUNX1 exons 1-5 and ETO exons 2-11, and all four NHRs were conserved which explained why early work on RUNX1-ETO focused on its repressive function. NHR2 has been proven essential for leukemogenesis \[[@B76-ijms-20-00350],[@B83-ijms-20-00350]\], its disruption impairs the self-renewal ability of RUNX1-ETO in hematopoietic progenitors \[[@B84-ijms-20-00350]\]. Because of the two alternative splicing variants of ETO, the t(8;21) translocation leads to two RUNX1-ETO splicing isoforms: RUNX1-ETO9a and RUNX1-ETO11a. Respectively lacking the NHR3-4 and the NHR4 domains at the protein level, RUNX1-ETO9a displays a lower capacity to inhibit native RUNX1 \[[@B85-ijms-20-00350]\] but its leukemogenic potential is stronger compared to the unspliced form in mice \[[@B86-ijms-20-00350]\].

3.3. RUNX1-ETO Cooperation with RUNX1 {#sec3dot3-ijms-20-00350}
-------------------------------------

In recent years, increased evidence has emerged about the requirement of RUNX1 in leukemia cells with RUNX1-ETO. Next-generation sequencing in clinical studies revealed that mutations in RUNX1 did not occur in t(8;21) AML patients and that an active form of RUNX1 is maintained \[[@B37-ijms-20-00350],[@B87-ijms-20-00350]\]. Consistent with this concept, RUNX1 knockdown in Kasumi-1 cells resulted in apoptosis and can be rescued with subsequent RUNX1-ETO knockdown \[[@B88-ijms-20-00350]\]. Likewise, in a model for RUNX1-ETO leukemogenesis with human CD34+ cells, RUNX1 was required for cellular growth \[[@B89-ijms-20-00350]\]. Recently, we demonstrated that HSCs require a functional RUNX1 to maintain adequate PU.1 levels, which is critical for RUNX1-ETO leukemia development in mouse transplantation models \[[@B90-ijms-20-00350]\]. Using a broad range of truncated RUNX1 gene together with chromatin immunoprecipitation assays, RUNX1 was shown to be part of the RUNX1-ETO transcription factor complex \[[@B91-ijms-20-00350]\].

3.4. RUNX1-ETO Decreases DNA Repair Capabilities and Compromises Genomic Stability {#sec3dot4-ijms-20-00350}
----------------------------------------------------------------------------------

In somatic cells, DNA damage repair mechanisms are essential for genome integrity and cell viability \[[@B92-ijms-20-00350]\]. Decreased levels of DNA repair capabilities could result in the accumulation of chromosomal aberrations and genomic instability. Acute myeloid leukemia, characterized by the clonal expansion of immature hematopoietic cells in the bone marrow, presents mutations in DNA damage response (DDR) genes which can affect disease progression and therapy resistance \[[@B93-ijms-20-00350],[@B94-ijms-20-00350],[@B95-ijms-20-00350]\].

Increasing evidence suggests that early presence of RUNX1-ETO may promote mutagenesis. Several studies showed that RUNX1-ETO downregulates genes involved in base-excision repair mechanism (BER) \[[@B96-ijms-20-00350],[@B97-ijms-20-00350],[@B98-ijms-20-00350]\]. OGG1, 8-oxoguanine DNA glycosylase, is required in the BER pathway to remove oxidized guanine nucleotides exposed to reactive oxygen species. Ectopic expression of the RUNX1-ETO in cell lines and hematopoietic stem and progenitor cells showed that OGG1 is downregulated \[[@B96-ijms-20-00350],[@B97-ijms-20-00350]\] as well as in t(8;21) AML patients \[[@B99-ijms-20-00350]\]. Similarly for genes involved in homologous recombination-associated genes, BRCA2, and ATM, a core DNA repair and cell cycle regulator, are also found downregulated in RUNX1-ETO-expressing cell lines \[[@B98-ijms-20-00350]\]. Similarly, recent work in mouse with transduced RUNX1-ETO bone marrow reported suppressed ATM, BRCA1, BRCA2 and RAD51 as responsible for higher levels of DNA damage \[[@B100-ijms-20-00350]\]. Interestingly, C-terminal end-deleted RUNX1 shows repressed expression of Gadd45a, a sensor of DNA stress \[[@B101-ijms-20-00350]\]. This suggests that RUNX1, under physiological condition, plays a key role in monitoring cell stress to maintain genomic stability. One possible conclusion is that altered RUNX1 and RUNX1-ETO fusion protein compromise genome integrity by impairing DNA stress monitoring and DNA repair capabilities.

In line with previous statements, RUNX1-ETO cells display high levels of DNA stress and are accompanied by elevated p53 and associated target genes which leads to the induction of apoptosis \[[@B97-ijms-20-00350]\]. Unsurprisingly, knockdown of p53 using short hairpin RNA (shRNA) revealed increased resistance of AML1-ETO cells to radiation and chemotherapy \[[@B97-ijms-20-00350]\] but was also associated with worse prognosis in mice \[[@B102-ijms-20-00350]\]. AML with the t(8;21) translocation shows good response to currently available treatments, probably because of the synergistic effect with elevated p53 levels subsequent to DDR gene alteration and increased DNA stress. Although it seems paradoxical that the RUNX1-ETO oncogene is capable of apoptosis induction, this mechanism could protect leukemic clones from further accumulation of DNA damage, which could otherwise lead to cell exhaustion. Interestingly, AML cells able to excessively repair DNA damage are implicated in disease progression and therapeutic resistance \[[@B99-ijms-20-00350],[@B103-ijms-20-00350]\]. Seemingly contradictory, lowered DNA repair capability enables RUNX1-ETO clones to handle high cellular DNA damage which consequently ensures self-renewal and provides flexibility to prevent cell exhaustion.

On the other hand, excessive DNA repair capabilities could contribute to disease progression and treatment resistance. In t(8;21) AML patient samples, higher levels of BRCA1, RAD51, and CHEK2 genes expression showed worse prognosis and reduced survival \[[@B103-ijms-20-00350]\]. Similarly, increased OGG1 levels displayed a significant reduction in overall survival and an increased risk of relapse \[[@B99-ijms-20-00350]\]. A possible explanation could be that increased DNA repair capabilities of RUNX1-ETO cells fails to trigger p53-mediated apoptosis which in turn leads to a weaker response to available treatments.

Impaired defense mechanism against DNA damage compromises genomic integrity and leads to secondary chromosomal abnormalities. Indeed, chromosomal aberrations are detected in 70% of t(8;21)-positive AML \[[@B104-ijms-20-00350],[@B105-ijms-20-00350]\]. Loss of sex chromosome (-X or -Y) is predominantly found (47%), followed by the long arm deletion of chromosome 9, del(9q) (15%) and trisomy 8 (6%) \[[@B105-ijms-20-00350]\]. Of note, the common region to X and Y chromosomes PAR1 contains the GM-CSF receptor α subunit (CSF2RA) gene which is found as a tumor suppressor gene in mouse transplantation model \[[@B106-ijms-20-00350]\]. Similarly, TLE1 and TLE4 were suggested as potential tumor suppressors located in the lost genomic region in del(9q) \[[@B107-ijms-20-00350]\] which in turn might be a poor prognostic factor in t(8;21) AML \[[@B108-ijms-20-00350],[@B109-ijms-20-00350]\]. Current state of knowledge suggests that reduced DNA repair regulators in the presence of RUNX1-ETO play a role in the genomic instability and pathogenesis of t(8;21) AML which could facilitate the acquisition of cooperating secondary events.

Although several chromosomal aberrations associated with RUNX1-ETO fusion protein have been described, it is interesting to note that normal karyotype-AML (NK-AML) is correlated with high native RUNX1 levels. NK-AMLs, representing 40% of all AML \[[@B3-ijms-20-00350]\], are associated with poorer clinical outcome and event-free survival compared to CBF leukemia \[[@B110-ijms-20-00350]\]. Interestingly, these NK-AML patients have similar outcome as t(8;21) AML with high levels of DDR genes \[[@B99-ijms-20-00350],[@B103-ijms-20-00350]\]. It is therefore possible that unaltered RUNX1 maintains DNA damage repair capabilities of the cell and leads to therapeutic resistance. Therefore, and given the good prognosis of t(8;21) AML, it is tempting to hypothesize that the presence of RUNX1-ETO sensitizes the cell to available therapeutics. Moreover, decreased DNA repair capabilities could generate a mutator phenotype, which in turn explains the extensive available literature on RUNX1-ETO-associated mutations, especially epigenetic regulators involved in DNA methylation \[[@B4-ijms-20-00350],[@B5-ijms-20-00350]\].

4. RUNX1-ETO is Associated with Altered Methylation {#sec4-ijms-20-00350}
===================================================

DNA methylation represents a key mechanism of gene regulation in mammalian cells \[[@B111-ijms-20-00350]\]. During hematopoiesis, stem cells give rise to multi-potent progenitors which subsequently undergo commitment to mature blood cells. The patterns of DNA methylation at cytosine residues within CG dinucleotides (CpG) islands govern at the epigenetic level the dynamic changes in gene expression required for the maturation of hematopoietic cell lineages \[[@B112-ijms-20-00350],[@B113-ijms-20-00350],[@B114-ijms-20-00350]\]. The net effect of this modification is to induce a closed chromatin configuration, resulting in stable gene silencing.

Recent work showed that ectopic expression of RUNX1 activates genes by DNA demethylation \[[@B115-ijms-20-00350]\]. RUNX1 shares a genome-wide co-occupancy with ten-eleven translocation-2 (TET2), which converts 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) to promote DNA demethylation and gene activation \[[@B116-ijms-20-00350]\]. The cooperation of both factors plays a key role in normal hematopoietic development by enhancer demethylation. Interestingly, TET2 is mutated with high frequency in patients suffering from a wide variety of hematopoietic diseases \[[@B117-ijms-20-00350]\] including AML \[[@B118-ijms-20-00350],[@B119-ijms-20-00350]\] and t(8;21) AML \[[@B120-ijms-20-00350]\]. Similarly, loss of TET2 in the presence of RUNX1-ETO showed a genome-wide increase in DNA methylation at active enhancer regions and promotes leukemia in mouse transplantation models \[[@B121-ijms-20-00350]\]. It is evident that RUNX1-ETO together with mutated TET2 disrupts the methylation at regulatory regions and thus the expression of important genes in hematopoietic development. A similar conclusion can be drawn for isocitrate dehydrogenase (IDH) proteins which, under normal conditions, supply NADPH necessary for lipid biogenesis and protection from oxidative and radiation-induced damage \[[@B122-ijms-20-00350]\]. However, mutant IDH enzymes produce high levels of the oncometabolite (R)-2-hydroxyglutarate that competitively inhibits dioxygenase enzymes which in turn modifies 5mC to 5hmC. This promotes DNA demethylation and gene activation \[[@B116-ijms-20-00350]\] in the same manner as TET2 would. Interestingly, IDH1 and IDH2 mutations are almost mutually exclusive with loss-of-function mutations in TET2 \[[@B123-ijms-20-00350],[@B124-ijms-20-00350]\]. IDH1 and IDH2 mutations have been found in 5% of RUNX1-ETO AML \[[@B105-ijms-20-00350]\]. Additionally, DNA methyltransferases (DNMT1, DNMT3a, and DNMT3b), which catalyze the CpGs methylation \[[@B125-ijms-20-00350],[@B126-ijms-20-00350]\], are also mutated along the fusion protein. RUNX1-ETO is able to recruit DNMTs to the regulator regions of its target genes and has been shown to interact with DNMT1 for transcriptional repression \[[@B127-ijms-20-00350]\] but also to recruit DNMT3a in cooperation with HIF1α \[[@B128-ijms-20-00350],[@B129-ijms-20-00350]\]. Consistent with RUNX1-ETO cells adopting a mutator phenotype, RUNX1-ETO is shown to interact with a broad range of methylation regulators, namely DNMT, TET, and IDH, which are often found mutated in t(8;21) AML \[[@B105-ijms-20-00350],[@B120-ijms-20-00350]\].

5. RUNX1-ETO Recruits Histone Markers {#sec5-ijms-20-00350}
=====================================

On a genome-wide level, the mechanism by which RUNX1-ETO interferes with native RUNX1 in normal hematopoiesis remains poorly understood. Although several early studies on RUNX1-ETO described its repressor function, the fusion protein is also capable of gene activation. Albeit conceptualized as the scaffold that packages DNA, histones actively participates in gene regulation and epigenetic function \[[@B130-ijms-20-00350]\]. RUNX1-ETO, for both activation and repression of genes, heavily relies on histone modulation which modifies chromatin structure.

Early work showed the dominant-negative regulatory effect of RUNX1-ETO on the transcription of essential RUNX1 targets for normal myeloid differentiation \[[@B131-ijms-20-00350]\]. As described above, RUNX1-ETO contains the four conserved NHR motifs from the ETO moiety which binds repressive complexes such as N-CoR/SMRT \[[@B71-ijms-20-00350],[@B132-ijms-20-00350]\]. More importantly, the fusion protein alters the chromatin structure through its interaction with HDACs \[[@B71-ijms-20-00350],[@B132-ijms-20-00350]\]. By removal of acetyl group from histones, HDACs create a closed chromatin conformation state preventing gene transcription. Yeast two-hybrid and chromatin immunoprecipitation assays revealed the importance of NHR2 and NHR4 domains in the interactions of ETO and RUNX1-ETO with HDAC1, HDAC2, and HDAC3 \[[@B70-ijms-20-00350],[@B77-ijms-20-00350],[@B133-ijms-20-00350],[@B134-ijms-20-00350]\]. Interestingly, studies using HDAC inhibitors, Trichostatin A and valproic acid, were shown in cell lines to block the capabilities of RUNX1-ETO to suppress myeloid differentiation \[[@B133-ijms-20-00350],[@B135-ijms-20-00350]\]. These studies demonstrate that the repressive function of RUNX1-ETO by HDAC recruitment is an important mechanism for its leukemogenic properties.

On the other hand, both RUNX1 and RUNX1-ETO are also capable of recruiting the histone acetyltransferase (HAT) p300/CBP complex. The latter changes the local nucleosomal environment by acetylating histone lysine residues and recruiting the transcriptional machinery thus playing an essential role in gene regulation in normal hematopoiesis \[[@B136-ijms-20-00350],[@B137-ijms-20-00350],[@B138-ijms-20-00350]\]. In cell lines with ectopic p300 overexpression, RUNX1 is shown to bind p300 which stimulates RUNX1-dependant transcription and induces myeloid differentiation. The same study demonstrates that the RUNX1 protein domain starting outside the RHD up to the C-terminal end mediates the interaction with p300 \[[@B55-ijms-20-00350]\]. Recruitment of p300 acetyltransferase by RUNX1 fulfills two purposes: self-acetylation for enhanced activity \[[@B139-ijms-20-00350]\] and histone acetylation \[[@B140-ijms-20-00350]\]. Interestingly, although RUNX1-ETO completely lacks the C-terminal end responsible for p300 interaction, the fusion protein has been suggested to interact with p300 through the NHR1 domain of the ETO moiety; RUNX1 self-acetylation is maintained \[[@B141-ijms-20-00350]\] but local histone acetylation has yet to be proven. Chromatin immunoprecipitation sequencing (ChIP-seq) on p300 and a wide range of chromatin markers showed indeed conflicting results. The study demonstrated hypoacetylated histones at RUNX1-ETO binding sites with p300 colocalization \[[@B142-ijms-20-00350]\] and appears to be in competition with HDACs recruited by ETO NHR domains. Similarly to the p300 acetyltransferase, RUNX1 and RUNX1-ETO are able to modulate chromatin structure by recruiting type I arginine methyltransferases, such as protein arginine methyltransferase 1 (PRMT1), which monomethylate or asymmetrically dimethylate arginine residues on histones \[[@B143-ijms-20-00350]\]. Methylation on histone H4 arginine 3 (H4R3) by PRMT1 generally correlates with transcription activation and promotes subsequent p300- and PRMT4-mediated (CARM1) acetylation and methylation of histone tails \[[@B144-ijms-20-00350]\]. PRMT1 is shown to interact with RUNX1 in HeLa cells by co-immunoprecipitation assay \[[@B145-ijms-20-00350]\] and with RUNX1-ETO by mass spectrometry subsequent to FLAG-tagged fusion protein immunoprecipitation as well as in Kasumi-1 cell line \[[@B146-ijms-20-00350],[@B147-ijms-20-00350]\]. PRMT1 is the most predominant arginine methyltransferase in mammalian cells which functions as a coactivator for transcription activators \[[@B148-ijms-20-00350]\] and regulates numerous cellular processes such as DNA damage response and cell cycle checkpoint \[[@B149-ijms-20-00350]\]. In the same way as PRMT1, CARM1is shown using a mouse model to play an essential role in t(8;21) AML leukemogenesis but appears of less importance in normal hematopoietic stem and progenitor cell differentiation and proliferation. Strikingly in other cancer types, CARM1 specifically dimethylates H3R17 and H3R26 histone arginine residues and uses a broad range of substrates such as transcription factors (including RUNX1) and chromatin modifiers \[[@B144-ijms-20-00350],[@B150-ijms-20-00350],[@B151-ijms-20-00350],[@B152-ijms-20-00350],[@B153-ijms-20-00350]\].

6. Higher-Order Chromatin Structure Differentially Regulates the RUNX1/RUNX1-ETO Balance {#sec6-ijms-20-00350}
========================================================================================

Although it has been suggested that binding of native RUNX1 with p300 and RUNX1-ETO with HDACs is a mutually exclusive event \[[@B154-ijms-20-00350]\], the precise mechanisms by which the oncofusion protein deregulates the RUNX1 program and chromatin conformation remain unclear. Several studies explored the chromatin and expression state in the presence of RUNX1-ETO, for which purpose the Kasumi-1 cell line was widely used. Using chromatin immunoprecipitation assays, 60% of RUNX1-ETO peaks is shown to overlap with RUNX1. The same study demonstrated that after RUNX1-ETO knockdown, the number of RUNX1 peaks increased and formed large number of de novo RUNX1 binding sites \[[@B155-ijms-20-00350]\].

More recent work exhibited that 39% of RUNX1-ETO peaks overlap those of the N-CoR repressor, whereas only 22% overlap those of the p300 activator \[[@B156-ijms-20-00350]\]. Although these data support the long-standing hypothesis that RUNX1-ETO acts as a dominant-negative regulator of RUNX1 targets, these also suggest that the fusion protein acts on a higher order of chromatin structure. Indeed, RUNX1 and RUNX1-ETO largely occupy promoter and distal sites \[[@B156-ijms-20-00350]\] but display an unaltered balance of p300/HDAC at these regions \[[@B134-ijms-20-00350]\]. Also, a study in mouse embryonic stem cell line demonstrated that RUNX1 initiated chromatin unfolding in the PU.1 locus before the activation of histone marks \[[@B157-ijms-20-00350]\] which presents chromatin structure regulation as the earliest regulatory event.

It is interesting to note that the PU.1 locus is governed by an upstream regulatory element (URE) which is responsible for enhancer-mediated regulation. Reporter assays with ectopic expression of RUNX1-ETO and t(8;21) AML patient samples showed that RUNX1-ETO is capable of decreasing PU.1 expression levels \[[@B158-ijms-20-00350]\]. Additionally, in Kasumi-1 cells, ChIP-seq demonstrated that both RUNX1 and RUNX1-ETO bind the PU.1 URE \[[@B155-ijms-20-00350]\]. As demonstrated in mice, removal of the URE significantly decreases PU.1 levels but also induces leukemia \[[@B159-ijms-20-00350]\]. Finally, our work evidenced by chromosomal conformation capture that loss of native RUNX1 binding to the URE of PU.1 in mice decreased the interaction between the URE and PU.1 promoter \[[@B90-ijms-20-00350]\]. Given the evidence, it is tempting to hypothesize that RUNX1-ETO disrupts essential regulatory loop formation as evidenced here in the PU.1 locus. During the writing of this review, cyclin D2 (CCND2), a cell cycle regulator with similar chromosomal looping properties has been identified as an important player in leukemic propagation in t(8;21) AML. Knockdown of RUNX1-ETO decreased its binding to its -30 kb regulatory element, but more interestingly, revealed the binding of native RUNX1 instead. DNaseI accessibility, H3K9ac marker for active transcription, RNA-sequencing, and genome-wide chromosome conformation capture confirmed this finding \[[@B160-ijms-20-00350]\]. Although RUNX1-ETO is often associated to repressed gene expression, here the fusion protein is shown to activate CCND2 by interfering with an intergenic negative regulatory element.

CCND2 and PU.1 have respectively increased and decreased expression in the presence of RUNX1-ETO. Both loci are relevant gene models to investigate chromatin disruption and altered gene expression by regulatory elements interference by RUNX1-ETO.

7. Summary and Final Remarks {#sec7-ijms-20-00350}
============================

Because of the almost complete ETO moiety, the oncofusion protein inherited the ability to interact with and recruit a wide range of repressors. RUNX1-ETO is thus commonly understood to suppress native RUNX1 activity. Although true, early studies after the discovery of the fusion protein failed to identify its activation function which is supported by a growing body of literature. Past efforts in providing a comprehensive picture of the genome-wide localization and the target genes of RUNX1-ETO have been inconclusive in understanding the underlying mechanism by which it deregulates native RUNX1. Both share similarities and, in recent years, research focused on the epigenetic factors to explain their differences. The presence of the t(8;21) translocation was associated with impaired DNA repair mechanism which compromises genomic integrity, thus favoring a mutator phenotype. Among an ever-increasing pool of mutated factors, regulators of DNA methylation were also frequently found in t(8;21) AML. Together with the alteration of both histone markers and distal enhancer regulation, RUNX1-ETO is depicted here as disrupting the chromatin structure. Epigenetic studies on the fusion protein uncovered new mechanisms into contributing to leukemogenesis and hopefully will translate into clinical applications.
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![The three main RUNX1 isoforms, genomic locus and protein domains. (**A**) Schematic diagram of RUNX1a, RUNX1b and RUNX1c splicing variants on chromosome 21. RUNX1a and RUNX1b are transcribed from the P2 promoter and contain respectively 5 and 6 exons. RUNX1c is transcribed from the P1 promoter and contains 8 exons. (**B**) Schematic diagram of RUNX1a, RUNX1b and RUNX1c protein products from the alternative splicing and their protein domains. RUNX1a contains only the RHD whereas RUNX1b and RUNX1c contain the RHD, TAD and VWRPY motif.](ijms-20-00350-g001){#ijms-20-00350-f001}

![RUNX1-ETO structure and protein domains. (**A**) Schematic diagram of the t(8;21) translocation between the intron 5 of RUNX1 and the intron 1 of ETO. RUNX1-ETO contains 3 exons from the RUNX1 gene and either 9 or 11 exons from the ETO gene. (**B**) Schematic diagram of full-length RUNX1-ETO with the protein domains. The fusion protein has the Runt Homology Domain (RHD), four Nervy Homology Regions (NHRs) and the Nuclear Localization Signal (NLS).](ijms-20-00350-g002){#ijms-20-00350-f002}
